Background
==========

β-catenin is a multi-functional protein that serves as a structural protein at the adherent junctions and acts as a transcriptional co-activator mediating the canonical Wnt signaling \[[@b1-medscimonit-18-7-br273]--[@b4-medscimonit-18-7-br273]\]. Its deregulation is important in the genesis of a number of human malignancies, particularly colorectal cancer \[[@b5-medscimonit-18-7-br273]\]. Under physiological conditions, β-catenin mainly locates in cell membranes and functions as a component of the E-cadherin/catenin complex to control cell-cell adhesion and influence cell migration. The cytosolic β-catenin is maintained at a low level through degradation by the "destruction complex" \[[@b6-medscimonit-18-7-br273]--[@b8-medscimonit-18-7-br273]\]. In this complex, Axin acts as a scaffold protein, upon which adenomatous polyposis coli (APC) tumor suppressor protein, glycogen synthase kinase 3β (GSK-3β) and casein kinase 1α (CK1α) bind to facilitate the sequential phosphorylation of β-catenin by kinase CK1α and GSK-3β. Accordingly, phosphorylated β-catenin is recognized by β-transducin-repeat-containing protein and constantly degraded by the ubiquitin-proteasome pathway. Upon ligation of Wnts to their receptors, composed of frizzled proteins and low-density lipoprotein receptor-related protein 5/6, the cytoplasmic protein disheveled (Dvl) is recruited, phosphorylated and activated. Activation of Dvl induces the dissociation of GSK-3β from Axin and leads to the inhibition of GSK-3β. Next, the phosphorylation and degradation of β-catenin is inhibited as a result of the inactivation of the "destruction complex". Subsequently, stabilized β-catenin translocates into the nucleus. Nuclear β-catenin is the ultimate effector, binding to Tcf/Lef (T-cell factor/lymphoid enhancing factor) to activate transcription of downstream genes, including *c-myc*\[[@b9-medscimonit-18-7-br273]\],*cyclin D1*\[[@b10-medscimonit-18-7-br273]\], *MMP7*\[[@b11-medscimonit-18-7-br273]\], and *CD44*\[[@b12-medscimonit-18-7-br273]\], which are involved in the control of cellular proliferation, differentiation, apoptosis, invasion and metastasis \[[@b13-medscimonit-18-7-br273],[@b14-medscimonit-18-7-br273]\].

In the majority of colorectal cancers, abnormally high amounts and stabilization of β-catenin accompanied by mutations in *APC* or β*-catenin* gene have been detected, and it has been suggested that the transcriptional activation of β-catenin/TCF plays a critical role in colon carcinogenesis \[[@b15-medscimonit-18-7-br273]\]. The APC protein, which acts as a tumor suppressor protein, can down-regulate the transcriptional activation mediated by Wnt/β-catenin, but the protein products of mutant APC genes present in colorectal tumors were defective in this activity. Furthermore, mutations of β-*catenin* are common phosphorylation motifs in its NH2-terminal domain.

Suppression of β-catenin gene expression with either antisense oligodeoxynucleotide or small interfering RNA (siRNA) has been attempted to further confirm its potential role in the neoplastic growth of colon cancer cells \[[@b15-medscimonit-18-7-br273],[@b16-medscimonit-18-7-br273]\]. Systemic administration of β-catenin antisense oligodeoxynucleotide inhibited proliferation, anchorage-independent growth, and cellular invasiveness of *APC*-mutant human colon carcinoma cells, including SW480, Colo201, and DLD-1. After antisense-mediated suppression of β-catenin/Tcf transcriptional activity, there is a corresponding decrease in the expression of *cyclin D1*\[[@b15-medscimonit-18-7-br273]\]. Furthermore, siRNA directed against β-catenin significantly downregulated *c-myc* and *cyclin D1* gene expression, leading to reduced growth of SW480 and HCT116 colon cancer cells in soft agar and in nude mice \[[@b16-medscimonit-18-7-br273]\]. These studies indicate that β-catenin plays a critical role in the neoplastic growth of colon cancers and genes inactivating targeting of β-catenin may have potential as a therapeutic agent to treat colon cancer.

In the present study, the effect of β-catenin on the invasion and migration, 2 important malignant phenotypes of cancer cells, was investigated by RNA interference (RNAi) in colon cancer cells (LoVo cells) *in vitro*, which is important for better defining its role in maintaining the malignant phenotype.

Material and Methods
====================

Cell line and culture
---------------------

A highly metastatic human colon adenocarcinoma cell line (LoVo cells) with *APC* mutation was purchased from the Basic Research Center of Shandong Tumor Hospital & Institute. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) containing 10% fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Ltd, Hangzhou, China) in a humidified atmosphere with 5% CO~2~ at 37°C.

RNA oligonucleotides and transfection
-------------------------------------

According to the sequence in the study of Verma et al. \[[@b16-medscimonit-18-7-br273]\], small interfering RNA (siRNA) targeting β-catenin (*CTNNB1*, NM001904) was synthesized by Shanghai GenePharma Co., Ltd. The sense was 5′-AGCUGAUAUUGAUGGACAGdTdT-3′, which extends between amino acids 79 and 85 of β-catenin. A scrambled siRNA without homology to any mammalian gene sequence served as a negative control. The sense was: 5′-GUCAUUGACUUAUCGAUG GdTdT-3′.

LoVo cells in logarithmic phase were harvested by trypsinization and seeded at 1×10^6^ cells/well into 6-well plates to yield 80--90% confluence. Transfections were performed by using lipofectamine 2000 (Invitrogen) and 100 nM β-catenin-siRNA according to the manufacturer's instructions. Medium was refreshed 6 h after transfection, and assay done 48 h after transfection.

RNA isolation and reverse transcription-PCR (RT-PCR)
----------------------------------------------------

Two days after transfection, cells were collected and homogenized in Trizol reagent (Invitrogen), and total RNA was extracted according to the manufacturer's instructions. RT-PCR was performed by the SuperScript one-step method according to the manufacturer's instructions (Invitrogen). The primers used in PCR were as follows: β-catenin: forward: 5′-ATCATCGTGAGGGCTTACTGG-3′, reverse: 5′-CATCCCTTCCTGTTTAGTTGC-3′; β-actin: forward: 5′-AGCATCCTAGAACTCTGTGC-3′, reverse: 5′-ATTTCGGACCCCTGAACATA-3′.

Western blot assay
------------------

Two days after transfection, LoVo cells were lysed in RIPA Lysis Buffer (Beyotime Institute of Biotechnology, Nanjing, China) on ice. Centrifugation was performed and supernatant collected for the analysis of protein concentration by BCA method. The extracted proteins were separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Millipore, Billerica, USA) which were incubated overnight at 4°C with corresponding primary antibody and then with horseradish peroxidase (HRP) conjugated secondary antibody (Zhongshan Biological Technology, Beijing, China). Primary antibodies included mouse anti-β-catenin (sc-7963, Santa Cruz; 1: 500), mouse anti-E-cadherin (sc-21791, Santa Cruz; 1: 500), mouse anti-MMP-7 Ab-1 (Clone ID2, NeoMarkers; 1: 100), and mouse anti-β-actin.

Flow cytometry
--------------

Two days after transfection, cells were collected, washed twice with phosphate buffer saline (PBS) and re-suspended in 100 μl of PBS containing 1% bovine serum albumin (BSA). Then, FITC-labeled mouse anti-human CD44v6 monoclonal antibody (Jingmei Biotech Co., Ltd., Shanghai, China) was added to the suspension, followed by incubation for 30 min in dark at room temperature. FITC-labeled mouse IgG1 (Jingmei Biotech Co., Ltd., Shanghai, China) served as an isotype control. The CD44v6 expression was measured by flow cytometry (BD, Oxnard, USA). Gates were set to exclude dead cells and a total of 10,000 gated cells were analyzed.

Test of homogeneity adhesion (between tumor cells)
--------------------------------------------------

LoVo cells (1×10^4^/well) were seeded into a 96-well plate to yield 100% confluence. Then, LoVo cells that were transfected with β-catenin siRNA or scrambled siRNA for 48 h were seeded into the same plate (1×10^4^/well), followed by incubation for 2 h at 37°C. Then, the culture medium was removed and cells were gently washed 3 times in PBS to collect non-adherent cells followed by counting cell number. The adhesion rate was calculated as adhesion rate = \[1 − (non-adherent cells/total cells)\]×100%. The experiment was performed in sextuplicate wells.

Test of heterogeneity adhesion (between tumor cells and extracellular matrix)
-----------------------------------------------------------------------------

A 96-well plate was treated with fibronectin (4 μg/well, R&D Systems) overnight at 37°C. Then, non-specific adhesion was excluded by incubating a plate with 100 μl of DMEM containing 2% BSA for 1 h at 37°C. Following removal of the above DMEM, LoVo cells (1×10^4^) that were transfected with siRNA were seeded into this 96-well plate, followed by incubation for 2 h at 37°C. The adhesion rate was calculated as above.

Scratch wound assay
-------------------

The scratch wound assay was done as described previously \[[@b17-medscimonit-18-7-br273]\]. Briefly, 24 h post-transfection, the confluent monolayer LoVo cells were wounded with a plastic pipette tip, the dislodged cells were removed by rinsing in PBS, then the wound area of monolayer LoVo cells were photographed under a phase-contrast microscope and cells were incubated in DMEM at 37°C in a humidified incubator with 5% CO~2~. The ability of these cells to migrate into the wound area was assessed at 24 and 48 h later. Cells were gently washed with PBS and the wound area was photographed. Assay was performed in triplicate wells.

Matrigel invasion assay
-----------------------

The invasion activity of LoVo cells was measured as described previously \[[@b18-medscimonit-18-7-br273]\] with modifications. A 24-well transwell chamber (Costar Co., USA) containing polycarbonate membrane with a pore size of 8 μm was used. The upper chambers were coated with 100 μl of Matrigel (1 mg/ml, BD). The membranes were rehydrated with warm serum-free medium containing 2% BSA for 1 h. siRNA transfected LoVo cells (2×10^4^ cells) were seeded into the upper chamber, and the lower chambers were filled with 600 μl of serum-free DMEM containing 10 μg/ml fibronectin as a chemoattractant. Incubation was performed for 24 h at 37°C in a humidified incubator with 5% CO~2~. Then, cells on the top surface of the membranes were gently wiped off with cotton swabs, and those that remained on the membranes were then fixed in methanol and stained with crystal violet. The invasive cells that were attached to the bottom surface of the membranes were photographed and counted under a microscope at a magnification of 400×. Five fields were randomly selected and invasive cells were counted and averaged. The experiment was performed in triplicate.

Statistical analysis
--------------------

Quantitative data were expressed as mean ± standard deviation (SD) and analyzed by 2-sample *t*-test. Two-tailed P values of \<0.05 were accepted as statistically significant. Statistical analysis was performed with the SPSS version 13.0 statistical software package (SPSS Inc., Chicago, IL).

Results
=======

β-catenin siRNA reduced mRNA and protein expression of β-catenin in LoVo cells
------------------------------------------------------------------------------

A human colon cell line, LoVo, with *APC* mutation, results in increased β-catenin levels. The increased levels of β-catenin lead to the enhanced expression of β-catenin/TCF-regulated genes. In this study, RNAi was used in an attempt to decrease β-catenin expression in the cell lines. To identify whether siRNA targeting β-catenin effectively inhibited β-catenin expression in LoVo cells, RT-PCR and Western blot assay were performed at 48 h after transfection. Results showed both the mRNA and protein expressions of β-catenin were significantly down-regulated in β-catenin siRNA transfected LoVo cells ([Figures 1](#f1-medscimonit-18-7-br273){ref-type="fig"}, [2](#f2-medscimonit-18-7-br273){ref-type="fig"}). Collectively, these results indicated significant knockdown of β-catenin mRNA and protein expression by β-catenin siRNA.

siRNA-mediated down-regulation of β-catenin regulated expressions of E-cadherin, MMP-7 and CD44v6
-------------------------------------------------------------------------------------------------

The E-cadherin-catenin complex plays a crucial role in epithelial cell-cell adhesion and in the maintenance of tissue architecture. Perturbation in the expression or function of this complex may result in loss of intercellular adhesion, with possible consequent cell transformation and tumor progression. Re-establishment of adherent junctions in cancer cells by restoration of cadherin expression \[[@b19-medscimonit-18-7-br273]\] exerts tumor-suppressive effects, including decreased proliferation and motility. MMP-7 is another target gene of β-catenin/TCF; it is overexpressed in 80% of human colorectal cancers and is known to be an important factor for early tumor growth, with a potential function also for later progression steps such as invasion and metastasis. CD44 is a cell surface molecule that has diverse functions in cell--cell and cell--matrix interactions and may be a determinant of metastasis and invasive behavior in carcinomas. CD44v6 has been postulated to be involved in both carcinogenesis and tumor progression.

We next examined whether β-catenin inhibition resulted in alterations in expressions of E-cadherin, MMP-7 and CD44v6. Western blot assay was performed and results revealed E-cadherin expression was elevated but MMP-7 expression down-regulated in cells following β-catenin siRNA transfection ([Figure 3](#f3-medscimonit-18-7-br273){ref-type="fig"}). As shown in [Figure 4](#f4-medscimonit-18-7-br273){ref-type="fig"}, flow cytometry indicated LoVo cells transfected with β-catenin siRNA displayed significantly lower CD44v6 expression (7.73±3.08) when compared with scrambled siRNA treated cells (13.29±4.04) (*P*\<0.001).

Effects of β-catenin siRNA on cell adhesion
-------------------------------------------

siRNA-mediated down-regulation of β-catenin regulated expressions of E-cadherin and CD44v6, which are closely related to intercellular and cell-matrix adhesion. To determine whether the β-catenin induced disruption of cell adhesion, cell adhesion assays were performed, and the results showed that the homogeneity and heterogeneity adhesion rates were 17.5±5.2% and 67.7±6.9%, respectively, in β-catenin siRNA-treated cells and 29.2±5.8% and 32.3±5.1%, respectively, in scrambled siRNA-treated cells, showing significant differences between the 2 groups. These findings suggest that siRNA-mediated down-regulation of β-catenin markedly reduced the homogeneity adhesion and increased the heterogeneity adhesion (*P*\<0.01) ([Figure 5](#f5-medscimonit-18-7-br273){ref-type="fig"}).

Inhibition of cell migration by β-catenin siRNA
-----------------------------------------------

To address whether β-catenin overexpression plays a role in regulating the invasion and migration of LoVo cells, we investigated the influence of β-catenin down-regulation on the LoVo cell migration by scratch wound assay. Results showed scrambled siRNA-treated LoVo cells markedly increased in the wound 24 h later, and the wound was almost entirely occupied 48 h later. By contrast, in the β-catenin siRNA treated cells, only a few cells were found in the wound area 24 h later, and the wound area was also clear even 48 h later. These findings demonstrate that β-catenin down-regulation significantly inhibited the migration ability of LoVo cells ([Figure 6](#f6-medscimonit-18-7-br273){ref-type="fig"}).

Down-regulation of β-Catenin inhibited invasion of LoVo cells
-------------------------------------------------------------

Previous work has demonstrated that the intranuclear localization of β-catenin increases cellular proliferation \[[@b20-medscimonit-18-7-br273]\]. We further evaluated the invasion ability of β-catenin siRNA or scrambled siRNA-treated LoVo cells by matrigel invasion assay. Our results showed that after 24 h incubation, the number of β-catenin siRNA-treated cells across the matrigel-coated membrane was 68.8±8.7/5 fields, which was significantly lower than that of scrambled siRNA-treated LoVo cells (111.0±9.6/5 fields) (*P*\<0.001) ([Figure 7](#f7-medscimonit-18-7-br273){ref-type="fig"}).

Discussion
==========

A characteristic feature of malignancies, including colon cancer, is the ability of cancer cells to invade surrounding tissues and migrate into distal tissues, which is a main cause of treatment failure and death in cancer patients. Thus, inhibition of invasion and metastasis of cancer cells has been a feasible strategy for the treatment of malignancies \[[@b21-medscimonit-18-7-br273]\]. Abnormal regulation of Wnt/β-catenin signaling and subsequent increase of β-catenin expression has been found to promote cell proliferation and be related to carcinogenesis in colon cancer \[[@b22-medscimonit-18-7-br273]\]. Whether β-catenin down-regulation in LoVo cells can compromise the invasion and migration potentials *in vitro* remains to be determined.

In the present study, our results showed that siRNA targeting β-catenin resulted in efficient and specific down-regulation of endogenous β-catenin at mRNA and protein levels in LoVo cells *in vitro*, and the siRNA-mediated β-catenin down-regulation dramatically inhibited the invasion and migration of LoVo cells, which may be related to the up-regulation of E-cadherin and reduction of CD44v6 and MMP-7 in LoVo cells.

The invasion and migration of cancer cells are complicated, multi-step processes involving the alteration of cell adhesion to extracellular matrix, as well as disruption of cell-cell junctions \[[@b23-medscimonit-18-7-br273]\]. Liotta \[[@b24-medscimonit-18-7-br273]\] proposed a 3-step hypothesis of tumor cell invasion of extracellular matrix: the first step is tumor cell attachment via cell surface receptors, which specifically bind to the components of matrix such as laminin and fibronectin; the second step is degradation of local matrix by tumor cell-associated proteases; and the third step is tumor cell locomotion into the region of matrix modified by proteolysis. Continued invasion of the matrix may take place by cyclic repetition of these steps.

In the present study, we assessed the invasion ability of LoVo cells *in vitro* by matrigel invasion assay, which is widely accepted as a biologically active basement membrane model to mimic the invasion process of tumor cells *in vivo*\[[@b25-medscimonit-18-7-br273]\]. Our results showed siRNA-mediated down-regulation of β-catenin significantly inhibited the invasion of LoVo cells through the matrigel-coated transwell.

The decreased homogeneity adhesion and increased heterogeneity adhesion may contribute to the compromised migration of tumor cells from the primary site, and both homogeneity and heterogeneity adhesions are the basis for the invasion and metastasis of tumor cells \[[@b21-medscimonit-18-7-br273]\]. Our results revealed siRNA-mediated down-regulation of β-catenin decreased the adhesion between LoVo cells and increased that of LoVo cells to fibronectin.

The invasion of tumor cells requires both migration and degradation of extracellular matrix \[[@b26-medscimonit-18-7-br273]\]. Cell motility is a pivotal factor in metastasis and is necessary for migration through the matrix and entry into circulation, leading to distant metastasis \[[@b27-medscimonit-18-7-br273]\]. In our study, results showed that β-catenin siRNA significantly inhibited the degradation of extracellular matrix and the chemotaxis of LoVo cells across the matrigel-coated membrane toward fibronectin, a chemoattractant. Scratch wound assay showed a slower wound-closure following transfection with β-catenin siRNA, indicating decreased motility of cancer cells.

A large number of genes relevant with tumor formation and progression have been found to be transcriptionally activated by the β-catenin/TCF complex \[[@b28-medscimonit-18-7-br273]\], in which MMP-7 and CD44 are thought to play important roles in the invasion and metastasis of cancers \[[@b29-medscimonit-18-7-br273],[@b30-medscimonit-18-7-br273]\]. In addition, E-cadherin/catenin complex controls cell-cell adhesion and influences cell migration \[[@b31-medscimonit-18-7-br273],[@b32-medscimonit-18-7-br273]\]. To further elucidate the mechanism underlying the inhibition of adhesion, invasion and migration of LoVo cells followed β-catenin silencing, we detected the E-cadherin, CD44v6 and MMP-7 expression in LoVo cells after transfection. E-cadherin is a calcium-dependent adhesion molecule that mediates intercellular homogeneity adhesion, which widely exists in various types of epithelial cells. Our results showed the E-cadherin expression was significantly increased at 48 h after transfection when compared with scrambled siRNA-treated cells, suggesting that siRNA-mediated down-regulation of β-catenin promotes the homogeneity adhesion of LoVo cells. CD44v6, a splice variant of adhesion molecule CD44, is involved in cell-matrix interactions and takes part in cell motility, and tumor growth, invasion and metastasis \[[@b33-medscimonit-18-7-br273],[@b34-medscimonit-18-7-br273]\]. In this study, the CD44v6 expression in LoVo cells was markedly reduced at 48 h after β-catenin siRNA transfection. Proteases involved in degradation of extracellular matrix are indispensable for tumor cell invasion, which facilitates the migration of cancer cells through the basal membrane \[[@b35-medscimonit-18-7-br273]\]. Among these proteases, matrix metalloproteinases (MMPs) appear to be particularly important \[[@b36-medscimonit-18-7-br273]\], and the overproduction of MMPs has been associated with tumor growth and metastasis \[[@b37-medscimonit-18-7-br273],[@b38-medscimonit-18-7-br273]\]. Moreover, MMP-7 has been found to be over-expressed in colon cancer \[[@b39-medscimonit-18-7-br273]\]. Our results also revealed β-catenin down-regulation in LoVo cells significantly inhibited MMP-7 expression.

Conclusions
===========

In conclusion, β-catenin over-expression may contribute to the invasion and migration of colon cancer cells through regulating E-cadherin, CD44v6 and MMP-7. siRNA-mediated β-catenin down-regulation dramatically inhibited the invasion and migration of LoVo cells, which may be attributed to the up-regulation of E-cadherin expression and down-regulation of CD44v6 and MMP-7 expressions in LoVo cells. We believe experiments such as that presented here are valuable for defining gene expression and functional programs downstream of oncogenic b-catenin signals. This, in turn, may be helpful to isolate novel diagnostic markers, and for designing tumor-specific intervention at downstream targets of oncogenic b-catenin.
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![mRNA expression of β-catenin in LoVo cells following β-catenin siRNA transfection. LoVo cells were transfected with 100 nM siRNA targeting β-catenin or scrambled siRNA. At 48 h after transfection, mRNA expression of β-catenin was measured by RT-PCR.](medscimonit-18-7-BR273-g001){#f1-medscimonit-18-7-br273}

![Protein expression of β-catenin in LoVo cells following β-catenin siRNA transfection. LoVo cells were transfected with β-catenin or scrambled siRNA (100 nM). At 48 h after transfection, the protein expression of β-catenin was measured by Western blot assay.](medscimonit-18-7-BR273-g002){#f2-medscimonit-18-7-br273}

![Effects of β-catenin down-regulation on E-cadherin and MMP-7 expressions in LoVo cells. LoVo cells were transfected with β-catenin or scrambled siRNA (100 nM). At 48 h after transfection, the protein expressions of E-cadherin and MMP-7 were deterimined by Western blot assay.](medscimonit-18-7-BR273-g003){#f3-medscimonit-18-7-br273}

![(**A**) CD44v6 expression in LoVo cells following β-catenin siRNA transfection. The white histogram represents isotype control, and black histogram represents CD44v6 at 48 h after transfection. Depicted is the fluorescence intensity *vs.* cell count. (**B**) The mean fluorescence intensity of positive staining is shown. (\*\* *P*\<0.001 *vs.* scrambled siRNA, n=6)](medscimonit-18-7-BR273-g004){#f4-medscimonit-18-7-br273}

![LoVo cell adhesion following β-catenin siRNA transfection. (**A**) The homogeneity adhesion between LoVo cells transfected with β-catenin siRNA increased significantly as compared to cells with scrambled siRNA transfection; (**B**) The heterogenicity adhesion of LoVo cells to fibronectin declined significantly after β-catenin siRNA transfection. (\* *P*\<0.01 *vs.* scrambled siRNA, \*\* *P*\<0.001 *vs.* scrambled siRNA, n=6).](medscimonit-18-7-BR273-g005){#f5-medscimonit-18-7-br273}

![LoVo cell migration following β-catenin siRNA transfection. Following β-catenin or scrambled siRNA transfection, representative photomicrographs (100×) of LoVo cell migration were taken at 0, 24 and 48 h after wounding. The migration activity was different between LoVo cells with β-catenin siRNA transfection and those with scrambled siRNA transfection.](medscimonit-18-7-BR273-g006){#f6-medscimonit-18-7-br273}

![LoVo cell invasion following β-catenin siRNA transfection. (**A**) After incubation for 24 h, invasive cells in scrambled siRNA group and β-catenin siRNA group were stained by crystal violet and photographed under a microscope (400×). (**B**) Invasion ability was quantitated and data were expressed as histograms. (\*\* *P*\<0.001 *vs.* scrambled siRNA, n=3).](medscimonit-18-7-BR273-g007){#f7-medscimonit-18-7-br273}
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